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Observation of KÄ1Õ2 octupole deformed bands in227Th
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High-spin states in227Th have been populated using the reaction226Ra(a,3n)227Th at a bombarding energy
of 33 MeV. The high-spin rotational structures of this nucleus have been refined and extended. In addition, the
linking of these structures with the low-spin states known from231U a decay has allowed a comprehensive
decay scheme of this nucleus to be assembled for the first time. Four previously known rotational bands are
interpreted as Coriolis coupledKp51/21 and Kp51/22 bands, in agreement with predictions using a
reflection-asymmetric mean field approach. The determination of decoupling parameters for these bands is
consistent with thea(Kp51/21)52a(Kp51/22) rigid octupole rotor expectation. A further rotational band
is interpreted as havingKp53/22. MeasuredD0 /Q0 ratios are consistent with an interpolation of the values
given for neighboring even-even nuclei, providing further evidence for the significance of strong octupole
correlations in this nucleus.
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I. INTRODUCTION

The long standing prediction@1,2# of reflection asymmet-
ric nuclei has been the subject of much experimental w
over the last fifteen years. The susceptibility to this spon
neous reflection symmetry breaking effect arises from
proximity of (N,l , j ) intruder orbitals and (N21,l 23,j 23)
states. This condition is satisfied forN or Z534, 56, 88, and
134, leading to the expectation of several nuclei that co
bine such proton and neutron numbers as candidates fo
observation of reflection asymmetry. Indeed a large num
of experimental evidences have shown the existence o
gions around these candidate nuclei where the octupole
teraction leads to reflection-asymmetric shapes~see Refs.
@3,4# for a review of experimental and theoretical develo
ments!. The light actinides situated aroundZ588 and N
5134 have been experimentally shown to exhibit the larg
octupole correlations. The possible coexistence of symme
and reflection-asymmetric shapes in this region was first p
posed by Chasman@5# who performed the earliest micro
scopic calculations on odd-A nuclei including octupole de
formation. This study predicted the existence of such
effect in 227Th. The calculations suggest that this coexisten
of shapes should manifest itself in the observation
reflection-asymmetric orbitals withK51/2 and symmetric
orbitals with K53/2. These states lie closest to the Fer
surface. More recently a reflection-asymmetric mean fi
approach by C´ wiok and Nazarewicz@6,7# has also predicted
227Th to be one of the best candidates for the observatio
such shape coexistence. One of the main spectroscopic
gerprints of reflection asymmetry in odd mass nuclei is
existence of parity doublets such as those observed in223Th
@8# and 225Th @9#, and so this prediction would be supporte
0556-2813/2002/65~6!/064315~12!/$20.00 65 0643
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experimentally by the existence of parity doublet structu
for the K51/2 bands and simple rotational structure for t
K53/2 bands. In the case ofK51/2 bands the Coriolis in-
teraction leads to signature splitting and displaces intrin
parity doublets. Within the framework of the particle-plu
rotor model the Coriolis signature splitting represents a p
tial decoupling of the single-particle motion from the rota
ing core. Thedecoupling parameter a, is a measure of the
strength of this interaction and can be deduced from m
sured level energies. The most convenient method to iden
reflection asymmetry in the spectroscopy ofK51/2 bands is,
therefore, to determine decoupling parameters that follow
relationshipa(Kp51/21)52a(Kp51/22) in the rigid oc-
tupole rotor limit.

Much work has been performed previously on227Th @10–
14#. Low-energy states have been populated by thea decay
of 231U, the e2-capture decay of227Pa and theb decay of
227Ac. These studies allowed the determination of the grou
state spin and speculated on the identification of sev
bandheads to whichK values were assigned. The need
extend the known structure to higher spin led to a furth
experiment using the compound nucleus react
226Ra(a,3n)227Th at 33 MeV with in-beam measurements
both g- and e2-decay by Mannset al. @14#. Although this
study did identify many rotational bands to much higher a
gular momentum, it was not possible to convincingly cor
late the high- and low-spin structures, hence no parities
spins were assigned to the unlinked rotational bands.
report here on the results of an investigation on227Th utiliz-
ing the same reaction and bombarding energy as Ma
et al. The use of a more efficient Ge detector array has
abled us to collect in-beamg-g coincidence events with
much greater statistics than previously observed. We h
©2002 The American Physical Society15-1
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N. J. HAMMOND et al. PHYSICAL REVIEW C 65 064315
been able to connect the previously known high- and lo
spin structures in227Th and from the ensuing assignments
parity and spin to the rotational bands deduce a more c
prehensive interpretation of this nucleus.

II. EXPERIMENTAL DETAILS AND RESULTS

A 226Ra target was bombarded by a 33-MeV beam oa
particles provided by theK5130 cyclotron at the University

TABLE I. Transition-energy lists used in the analysis of t
g-g-g coincidence matrix.

List Description Energies~keV!

A Intraband transitions 162.0, 215.7, 263.7,
of band 1 306.0, 342.7, 373.5, 396.7

B Intraband transitions 119.1, 169.4, 223.7, 275.0
of band 2 321.0, 360.6, 394.5

C Strong lines and 64.8, 89.9, 93.1, 105.6,
x rays in 227Th 169.4, 178.7, 211.2, 223.7,

265.7, 275.0, 303.7

TABLE II. Measured properties of the intrabandg-ray transi-
tions assigned to bands 1 and 2 including efficiency-corrected r
tive intensities. Theg-ray energies are estimated to be accurate
60.3 keV for the strong transitions (I g.10), rising to60.5 keV for
the weaker transitions.I tot and I e2 have been calculated fromI g

using internal conversion coefficients taken from Ref.@27#. Except
where otherwise specified,I tot , I g , and I e2 have estimated uncer
tainties of 15% for the strong transitions, rising to 20% for t
weaker transitions. Doublet transitions, marked†, have associated
uncertainties in intensity of 25%. In some cases the intensities c
not be estimated without incurring even larger uncertainties
have, therefore, not been given. A prime example here is the 1
transition: This transition is masked byKb x rays and 105.2-keVg
rays and proceeds by 90% internal conversion makingg ray inten-
sities prone to a large error.

Etot ~keV! I tot I g I e2 Assignment Band

106.0 (13/21→9/21) 1
162.0 61.4 24.6 36.8 (17/21→13/21) 1
215.7 50.2 33.2 17.0 (21/21→17/21) 1
263.7 35.0 27.8 7.2 (25/21→21/21) 1
306.0 15.8 13.6 2.2 (29/21→25/21) 1
342.7 6.5 5.8 0.7 (33/21→29/21) 1
373.5 2.0 1.8 ,0.5 (37/21→33/21) 1
396.7 0.7 0.6 ,0.5 (41/21→37/21) 1
412.6 ,0.5 ,0.5 ,0.5 (45/21→41/21) 1
119.1 100.0 15.7 84.3 (9/22→5/22) 2
169.4† 79.8 35.3 44.5 (13/22→9/22) 2
223.7† 64.6 44.6 20.0 (17/22→13/22) 2
275.0 37.6 30.7 6.9 (21/22→17/22) 2
321.0 17.7 15.5 2.2 (25/22→21/22) 2
360.6 5.9 5.4 ,0.5 (29/22→25/22) 2
394.5 1.5 1.4 ,0.5 (33/22→29/22) 2
423.5 ,0.5 ,0.5 ,0.5 (37/22→33/22) 2
06431
-
f

-

of Jyväskylä. The target consisted of a 250mg/cm2 thick
Ra(NO3)2 layer, separated from other elements and daug
products and deposited upon a 30– 40mg/cm2 Al backing.
Promptg rays were detected in the Jurosphere array situa
around the target position. The Jurosphere array consiste
15 Eurogam Phase I@15#, seven TESSA-type@16#, and five
NORDBALL-type @17# detectors with a total photopeak e
ficiency of 1.7% at 1.33 MeV. In total 1.63108 g deexcita-
tions of fold 2 or above and 2.03107 g deexcitations of
fold 3 or above were collected.

Demanding a fold of 3 or above was found to heav
reduce the unwanted backgroundg rays from the radioactive
decay of the 12-mCi 226Ra target. For this reason, all th
spectra shown have been drawn from ag-g-g cube, analyzed
using theRADWARE package. This has enabled cleaner sp
tra to be produced at the expense of statistics. In cases w
single gates have been set the resultant spectra are, ther
the summed projections of coincidences on the two rem
ing axes. In some cases a list of transition energies has b
used such that a projected spectrum consists ofg rays ob-
served in coincidence with one or more members of the
The transition-energy lists are given in Table I together w
a brief description of their origin. Lists of all theg-ray tran-
sitions assigned to227Th, which have been observed in ou
study are given in Tables II, III, and IV along with relativ
intensities. The two unconnected high-spin rotational str
tures observed are shown in Fig. 1. The six bands sho
have all been observed previously by Mannset al. @14# and
the same band labels have been used for ease of refer
Four of the rotational sequences have been extende
higher spin~see Figs. 2, 3, and 4 for the relevant spectra! and
crucially, band 4 has been extended to lower spin due to
observation of the 105.2-keV and 126.5-keV transitions. T
existence of the former is inferred from abnormalKb x-ray
intensities in several coincidence gates and from the pres

a-
o

ld
d
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TABLE III. Same as Table II for the intraband transitions a
signed to bands 3, 4, and 5.

E ~keV! I tot I g I e2 Assignment Band

224.5 (23/22→19/22) 3
268.5 1.7 1.4 ,0.5 (27/22→23/22) 3
311.3 1.5 1.3 ,0.5 (31/22→27/22) 3
350.8 (35/22→31/22) 3
385.8 (39/22→35/22) 3
126.5 32.0 6.2 25.8 (7/21→3/21) 4
178.7 25.7 12.7 13.0 (11/21→7/21) 4
224.7† 21.6 15.0 6.6 (15/21→11/21) 4
265.7 11.6 8.9 2.7 (19/21→15/21) 4
303.7 5.6 4.8 0.8 (23/21→19/21) 4
338.6 1.6 1.4 ,0.5 (27/21→23/21) 4
371.6 ,0.5 ,0.5 ,0.5 (31/21→27/21) 4
401.7 ,0.5 ,0.5 ,0.5 (35/21→31/21) 4
253.6 5.9 4.6 1.3 (17/21→13/21) 5
297.6 3.0 2.6 ,0.5 (21/22→17/22) 5
334.4 1.2 1.1 ,0.5 (25/22→21/22) 5
364.9 ,0.5 ,0.5 ,0.5 (29/22→25/22) 5
5-2
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OBSERVATION OFK51/2 OCTUPOLE DEFORMED . . . PHYSICAL REVIEW C 65 064315
of a 99.2-keV transition that was observed by Mu¨ller et al.
@13# to decay from the level to which the 105.2-keV tran
tion decays. It is impossible to determine the energy of
105.2-keV transition conclusively due to the ubiquito
105.6-keV thoriumKb1 x rays and 104.8-keV thoriumKb3 x
rays, which incidentally also obscure the 106.0-keV tran
tion. However, in Ref.@14#, Mannset al. showe2-e2 coin-
cidence spectra gated by the 162LII and 169LII , respec-
tively, in both of which E2 transitions of;106 keV are
observed. While Mannset al. ascribe both of these coinc
dences to a single 106.0-keV transition, we note that
peaks appear to be at slightly different energies and we
lieve the latter to be theE2 transition to which we have
assigned an energy of 105.2 keV. A reexamination of th
spectra would be welcome in the light of the present de
scheme.

Gating cleanly upon the 126.5-keV transition is difficu
as the line is strongly contaminated. For this reason
transition-energy list has been composed, which contains
energies of the three strongest thoriumK x rays and also
some of the227Th g rays that are seen most prominently
the data. The energies contained in this list are displaye
Table I~list C). To ‘‘clean up’’ the 126.5-keV gate,g rays are
projected, which are observed in triple coincidence with
126.5-keVg ray and a member of the transition-energy l
C. The resultant spectrum is displayed in Fig. 5.

TABLE IV. Same as Table II for interband transitions.

E ~keV! I tot I g I e2 Assignment Band

72.2 24.1 18.8 5.3 (5/21→3/22) 2→4
64.8 14.8 10.8 4.0 (9/21→7/22) 2→4
55.6 (13/21→11/22) 2→4
54.5 (17/21→15/22) 2→4
54.3 (9/21→7/22) 4→2
105.2 (7/21→)
113.9 30.8 22.5 8.3 (11/21→9/22) 4→2
169.2† 29.0 25.4 3.6 (15/21→13/22) 4→2
211.2 17.4 16.1 1.3 (19/21→17/22) 4→2
239.8 7.5 7.1 ,0.5 (23/21→21/22) 4→2
257.4 3.2 3.0 ,0.5 (27/21→25/22) 4→2
64.4 10.0 7.2 2.8 (7/22→5/21)
190.6 (15/22→13/21) 3→1
209.4 5.9 5.4 ,0.5 (19/22→17/21) 3→1
218.2 4.2 3.9 ,0.5 (23/22→21/21) 3→1
223.0 1.2 1.1 ,0.5 (27/22→25/21) 3→1
228.3 0.6 0.6 ,0.5 (31/22→29/21) 3→1
236.4 ,0.5 ,0.5 ,0.5 (35/22→33/21) 3→1
248.7 ,0.5 ,0.5 ,0.5 (39/22→37/21) 3→1
233.7 10.9 10.2 0.7 (13/22→11/21) 5→4
262.6 9.6 9.1 ,0.5 (17/22→15/21) 5→4
294.5 5.6 5.4 ,0.5 (21/22→19/21) 5→4
325.2 0.9 0.9 ,0.5 (25/22→23/21) 5→4
351.5 ,0.5 ,0.5 ,0.5 (29/22→27/21) 5→4
253.5 1.3 1.2 ,0.5 (→17/22) 6→5
269.7 0.6 0.6 ,0.5 (→21/22) 6→5
279.9 ,0.5 ,0.5 ,0.5 (→25/22) 6→5
06431
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Further differences exist between the scheme shown
Fig. 1 and that proposed by Mannset al. They proposed a
72.2-keVE1 transition depopulating the level in band 2 fe
by 223.7-keVg rays and feeding the level in band 1, whic
depopulates via 162.0-keVg rays. In addition, a secondE1
transition of 72.1 keV was observed, which was thought
feed out of the bottom of band 2. We have confirmed
placement of the latter transition,~favoring Eg572.2 keV
rather than 72.1 keV!, but we observe no evidence to suppo
the existence of two transitions with this energy. Theg-ray
spectrum measured in coincidence with the 72.2-keV tra
tion is shown in Fig. 6 and clearly displays no peak at 16
keV. The 64.8-keV and 54.3-keV transitions were also p
posed as links between bands 1 and 2 by Mannset al.These
transitions are observed only weakly in the current data, p
dominantly due to the low efficiency of the Jurosphere ar
at such energies. However, the observation of a peak at
keV in the coincidence spectrum of Fig. 5 is in accordan
with the scheme of Fig. 1. Moreover, the observations
Manns et al., which led to the alternative placement, su
gested coincidence between the 106.0-keV and 64.8-
transitions, which can be explained through the introduct
of the 105.2-keV transition. It should be noted that in gene
the coincidence spectra observed in the work of Mannset al.
are more easily explained by two transitions around 105/
keV as done in the present work. Spectra gated by 106-
transitions are particularly difficult to reconcile if only

FIG. 1. Rotational bands in 227Th observed in the
226Ra(a,3n)227Th reaction at 33 MeV. The circled transitions a
those which have not been previously observed. Dashed transi
represent tentative placements. The band number labels are ref
to in the text.
5-3
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single 106-keV transition exists.
We should stress that in proposing the scheme of Fig

we have assumed that the 178.7-keV transition hasE2 char-
acter. Mannset al.assumed this transition to beE1 in nature
based upon the strength of 178.7-keVg rays and the absenc
of corresponding conversion electrons in e2 spectra gated by
the 106.0-keV transition. However, the observedM and N
conversion lines from the 162.0-keV transition mask theLII

andLIII conversion lines from the 178.7-keV transition a
slight differences in gating conditions around 105.2–10
keV could strongly influence the relative intensity of 178.
keV transitions observed byg rays or conversion electrons
We, therefore, find no reason to assumeE1 multipolarity for
this transition and we favor an interpretation based uponE2
multipolarity. It will be seen that the assumption ofE2 mul-
tipolarity for this transition~which is the exact energy sum o
two cascadeE1 transitions! allows the connection of the
rotational structure to the low-lying levels; is consistent w
the rotational spacings of band 4 and yieldsD0 /Q0 ratios
consistent with those for otherE1/E2 branches in this
nucleus.

FIG. 2. g spectra showing the evolution of bands 1 and 3 w
increasing spin.~a! The projection ofg rays observed in coinci-
dence with two or more furtherg rays two of which must be mem
bers of the transition-energy listA ~see Table I!. ~b! The projection
of g rays observed in coincidence with further two or moreg rays
of which one must be a member of the transition-energy listA and
another a 228.3-keVg ray. ~c! The projection ofg rays observed in
coincidence with two or more furtherg rays of which one must be
a member of the transition-energy listA and another a 236.4-keVg
ray. The symbolL is used to denote interband transitions and
label B denotes a background peak.
06431
1
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III. DISCUSSION

A. Connecting high- and low-spin structures

The connection of the rotational levels to the low-lyin
states known from decay work is vital to assign spins a
parities to these levels and to deduce an interpretation of
nucleus based upon all the available evidences. The l
lying intraband transitions in this nucleus, which have en
gies below 100 keV, proceed overwhelmingly by intern
conversion, for example, a 76.5-keVE2 transition proceeds
only 2% byg-ray emission. Add to this the diminishing e
ficiency for g-ray detection at such energies and it is cle
that a connection of high- and low-spin structure is impo
sible based upon our observations alone. However, com
ing our observations with those of previous authors@13,14#
suggests the structure displayed in Fig. 7. The lowest-ly
thickly drawn levels shown in Fig. 7 are known from thea
decay work of Mu¨ller et al. while the connection of the ro

e

FIG. 3. g-ray spectra showing band 2 and high-spin transitio
in band 4.~a! The projection ofg rays observed in coincidence wit
two or more furtherg rays two of which must be members of th
transition-energy listB ~see Table I!. ~b! The projection ofg rays
observed in coincidence with two or more furtherg rays of which
one must be a member of the transition-energy listB and another a
239.8-keVg ray. The symbolsL andl are used to denote inter
band transitions and thoriumK x rays, respectively.

FIG. 4. Expanded scales of~a! Fig. 2~a! and~b! Fig. 3~a!, show-
ing the highest-spin transitions in bands 1 and 2.
5-4
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OBSERVATION OFK51/2 OCTUPOLE DEFORMED . . . PHYSICAL REVIEW C 65 064315
tational bands to these levels is based upon the evidenc
our g-g-g coincidences as well as thee2-e2 ande2-g co-
incidences of Mannset al. The positioning of the 119.1-keV
~band 2! transition is supported by the work of Mannset al.
where conversion electrons from this transition were see
coincidence with conversion electrons from the 76.5-k
and 68.6-keV transitions in addition to 72.1-keV and 64
keV g rays. The position of the 119.1-keV transition lea
directly to an energy difference between theJp57/21 and
Jp53/21 levels of 126.5 keV~refer to Fig. 7 for the spin and
parity assignments, the unusual spin ordering will be d
cussed shortly!. These levels are connected by the 126.5-k
~band 4! transition observed in our study, with the coinc
dence spectrum of Fig. 5 supporting such a placement.
106.0-keV~band 1! transition has been previously observ
@14# in coincidence with conversion electrons from a 66
keV transition and is, therefore, thought to feed theJp

59/21 level as shown in Fig. 7. The 105.2-keV transitio
populates a level at 99.2 keV, which has been previou
observed by Mu¨ller et al. As already noted, the 105.2-ke
transition cannot be observed cleanly due to the presenc
105.6-keV thoriumKb1 x rays, 104.8-keV thoriumKb3 x
rays, and in many cases 106.0-keVg rays but this placemen
is consistent with the coincidence spectra observed. In a
tion to the 105.2-keV transition we have also shown in Fig
the transition from the 99.2-keV level to the ground state.
have not shown all of the previously observed transitio
from the 99.2-keV level to maintain clarity in Fig. 7 and w
therefore, refer the reader to the work of Mu¨ller et al. @13#
for more details regarding this level. However, a 105.2-k

FIG. 5. Spectrum ofg rays observed in triple coincidence wit
two or more furtherg rays of which one must be a member of th
transition-energy listC ~see Table I! and another a 126.5-keVg ray.
The symboll is used to denote thoriumK x rays.

FIG. 6. Projection ofg rays in triple coincidence withg rays of
72.2 keV. The absence of a 162.0-keV peak is indicated.
06431
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transition from the 204.4-keV (7/21) level imposes further
restrictions onJp for the 99.2-keV level in addition to thos
proposed by Mu¨ller et al. @13# and we, therefore, label th
state as 3/21 or 5/21.

B. Interpretation of rotational bands

The connection of low- and high-spin structure discuss
previously allows a full227Th level scheme to be constructe
as shown in Fig. 8. The bands have been assignedK values
and spin parity assignments have been made. The spin p
assignment of the227Th ground state has been the subject
much interest. Leander and Chen@18# first made the surpris-
ing suggestion that the ground state of227Th was 1/21 in
their seminal paper on oddA5219– 229 nuclei. The first
strong experimental evidence to support this assertion

FIG. 7. The low-energy decay scheme. Levels shown in bold
known from decay studies and underlined transitions are those
served in the present study. The lowestE2 transitions of bands 1, 2
and 4 are shown connected to the low-lying structure. The b
labels are shown to clarify the connection to high-spin structure
are not intended to label the low-spin sequences. This connec
allows us the spin and parity assignments of almost all levels in
high-spin structure. The level at 99.2 keV possesses additional
ing transitions to other low-lying levels that have not been drawn
the figure to avoid confusion; for a full description of these tran
tions see Ref.@13#.
5-5
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FIG. 8. The full level scheme
of 227Th. The Kp51/26 parity
doublet structure is emphasized
The band labels of Figs. 7 and
are shown at the top of the figur
for ease of reference. Levels an
transitions within the dashed bo
are not drawn to scale. Level ex
citation energies are shown fo
bands 5 and 6 and may be ob
tained for Kp51/26 bands from
Figs. 11 and 12.
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the observation of maximum alignment for all~a,g! angular
correlations observed in thea decay of 227Th into 223Ra
@19#. Low temperature nuclear orientation measureme
@13# have subsequently strengthened this assignment. In
7 we have shown bands 1 and 4 to be extensions of
ground state band with positive parity determined from
E2 and M1 multipolarities ascertained by previous wo
@13,14#. These two sequences are, therefore, interprete
the favored and unfavored signatures of aKp51/21 band.
The assignment of spins to theKp51/21 band has been
based upon the observed multipolarities while reproduc
the spin ordering expected under the Coriolis perturba
~Fig. 10!.

The level at 37.9 keV is known to haveJp53/22 from
the measuredE1 decay to the ground state. For aKp

51/22 band with21.a.26 theJp53/22 level has low-
est excitation energy~Fig. 10! and the 37.9-keV level ha
thus been a strong candidate for aKp51/22 bandhead since
this state was first identified@12#. Both this level and the
Jp57/22 level at 73.6 keV belong to the favored signatu
of theKp51/22 band with the expectedJp511/22 member
not observed. From the interpretation displayed in Fig. 7,
119.1-keV transition feeds theJp55/22 level that is con-
nected to theJp57/22 level via a 76.5-keVE2 transition. It
is, therefore, likely that band 2 is the unfavored signature
the sameKp51/22 band. Further support is provided by th
06431
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spin assignments that give level ordering typical of aKp

51/22 band. These assignments are based uponE1 transi-
tions connecting this band to the unfavored signature of
Kp51/21 band, which restrict the spins of many levels
one value only. In this way we have been able to confiden
assignJp55/22 to the level at 150.1 keV in contrast to th
Jp511/22 assignment of Mannset al. We believe band 3 to
be the high-spin extension of the favored signature of
Kp51/22 band. The spin ordering is consistent with such
interpretation, as are theE2 intraband transition energie
~varying slightly from those of the favored signature as in t
Kp51/21 case!.

The angular momentum along the rotational axisJx has
been calculated for all sequences~except band 6! using

Jx~J!5A~J1 1
2 !22K2. ~1!

The rotational frequency dependence ofJx is shown in Fig.
9. The bands are labeled by parity and simplex with posit
and negative simplex sequences given by

s51 i : Jp5 1
2

1, 3
2

2, 5
2

1, 7
2

2, 9
2

1, . . .

s52 i : Jp5 1
2

2, 3
2

1, 5
2

2, 7
2

1, 9
2

2, . . .
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The plots shown in Fig. 9 suggest that bands 1 and 3 as
as bands 2 and 4 do indeed form simplex partners with
gap between these two pairs of sequences being indicativ
the signature splitting expected forKp51/26 bands.

We assignE1 multipolarity to the interband transition
between bands 5 and 4 based upong intensities and becaus
transitions withuK12K2u.l ~wherel is the multipole order
of the linking transition! areK forbidden, aKp53/22 inter-
pretation seems likely for band 5. This band is also includ
in the alignment plot of Fig. 9. The interpretation of band 6

FIG. 9. A plot of angular momentum along the rotational axis
a function of rotational frequency. Sequences are labeled by
plex and parity with the rotational band labels also indicated
ease of reference.
06431
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difficult due to the paucity of information. This band is on
tentatively proposed from weakly observed interband tran
tions to band 5. As theg-ray intensities of these transition
do not conclusively indicateE1 multipolarity we choose no
to attempt spin or parity labeling of the levels in band 6 a
can, therefore, make no estimation of theK value of this
band.

C. Extraction of decoupling parameters

The energy levels of aK51/2 rotational band are given t
second order by

EJ,K5«K2
\2

2J 2K2

1
\2

2J FJ~J11!1S J1
1

2Da~21! [J1(1/2)]G
2BFJ~J11!1S J1

1

2Da~21! [J1(1/2)]G2

, ~2!

where@J1(1/2)#a(21)[J1(1/2)] is the Coriolis term anda is
the decoupling parameter. The inverse moment of ine
\2/2J is often denoted as the energy parameterA as it cor-
responds to the inertial coefficient in the leading-order te
The second-order term, with the associated inertial param
B, accounts for the rotation-vibration interaction and relax
the dependence upon a constant moment of inertia throu
out a given band. Equation~2! is plotted to first order in Fig.
10, the usualJ(J11) relationship is seen on they axis for
a50.

s
-

r

e-
FIG. 10. Level energies in aK51/2 band
plotted against decoupling parametera. The term
in parentheses corresponds to the value of@J(J
11)22K21(J11/2)a(21)[J1(1/2)]# @see Eq.
~2!#. The vertical dashed lines represent the d
coupling parameters predicted by Lianget al. as
discussed in the text.
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The identification ofKp51/26 bands allows the extrac
tion of decoupling parameters which should provide a tes
the proposed parity doublet nature. The decoupling par
eter a can be obtained by fitting the experimental levels
Eq. ~2!. Liang et al. @12# performed calculations for227Th
using a folded Yukawa reflection-asymmetric potential
predict values of the decoupling parameters in227Th. This
strong coupling model approach~with «350.08) suggested
uau53 for the Kp51/2 bands. Such a value would lead
energetically degenerate levels that haveJ values differing
by 3 in the favored and unfavored signatures of theK51/2
bands ~see Fig. 10!. A cursory view of the proposedKp

51/21 band shows a near degeneracy of this type, with
results of the fit~with the ground state fixed at zero! giving:
A56.66 keV, decoupling parametera53.27, B51.86
31023 keV, and«K520.16 keV. The rms deviation of th
fitted levels from experimental values is 4.7 keV and a co
parison between fitted and experimental levels is shown
Fig. 11. It should be noted that any alternative spin order
results in a very poor fit to the energy levels.

Unfortunately, applying a fit of the relationship given
Eq. ~1! to the Kp51/22 band results in a poor agreeme
between experimental and fitted energies. We have achie

FIG. 11. A plot of experimental energies and fitted energies
the Kp51/21 band using a minimization procedure to obtain b
fit parameters to Eq.~2! for all the experimental levels shown. Lev
els within the dotted box are not drawn to scale.
06431
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a rather good fit, however, by assuming a fixed displacem
of band 3 relative to the remainder of theKp51/22 band.
This is incorporated into the fitting routine by fitting th
levels of band 3 with a term«K8 in place of«K , which is used
for the remainder of theKp51/22 band. The term«K8 is
given by

«K8 5«K1C, ~3!

where the constantC defines the displacement of band 3. T
result of fitting all of the Kp51/22 band gives: A
55.92 keV, decoupling parametera522.98, B54.26
31024 keV, and «K545.64 keV with C597.0 keV. The
rms deviation of the fitted levels from experimental values
7.5 keV and a comparison between fitted and experime
levels is shown in Fig. 12. It should also be noted that
omission of theJp539/22 andJp537/22 levels from the fit
results in a reduction of the rms deviation~to '6 keV) and
could, therefore, indicate the presence of band crossing
fects at the highest observed spins of theKp51/22 band.
The decoupling parameters obtained for bothKp51/21 and
Kp51/22 bands,a53.27 and22.98, respectively, lie close
in magnitude with opposite sign. Such values suggest th

r
t

FIG. 12. A plot of experimental energies and fitted energies
the Kp51/22 band using a minimization procedure to obtain be
fit parameters to Eq.~2! for the experimental levels shown. A
additional perturbation has been included into the fit for the lev
of band 3, which are here denoted by dashed lines. For details o
parameters obtained see text. Levels within the dotted box are
drawn to scale.
5-8



e

n

ed
e
o

te

ee

n

t
th

te
e
o

e

p
ri
ri

re
e

si
e

e
u

th
a
es
o
he
.

ed
ed
ec-

as

e.
us
for

ive

d

c
i.

ec-

tal

-

iated

ile
act-
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bands may be built upon a single intrinsic state of mix
parity. The agreement with the prediction of Lianget al. @12#
(uau53) is also excellent. The nature of the perturbatio
which generates the apparent displacement of theKp

51/22 favored signature somewhere betweenJp57/22 and
Jp515/22, is unknown. Unfortunately we have not observ
the expectedJp511/22 level that might have thrown mor
light on the problem. As the band-mixing considerations
Liang et al. @12# in the intermediate coupling regime indica
considerable mixing betweenK51/2 andK53/2 states we
have tested the hypothesis that Coriolis coupling betw
K51/2 andK53/2 bands could cause the perturbation. W
have performed band-mixing calculations assuming a no
diabatic Coriolis coupling between theKp51/22 and Kp

53/22 bands. These calculations are unable to generate
observed experimental levels and we can suggest no o
satisfactory explanation for the perturbation of theKp

51/22 band.

D. Parity splitting

The parity content of the intrinsic state can be estima
in the strong coupling limit from the parity splitting of th
odd-A nucleus compared to that of the even-even neighb
@18#,

^p̂&5
EJ22EJ1

E~02!
, ~4!

where^p̂& is the parity content of the intrinsic state in th
odd-A nucleus, EJ22EJ1 is the parity splitting of the
nucleus concerned, andE(02) is the splitting of the core,
which can be approximated from the average of the extra
lated 02 state in the nearest even-even neighbors. A pa
content near unity suggests an intrinsic state of definite pa
whereas a value near zero suggests an equal admixtu
positive and negative parities in the intrinsic state. We us
value for the core splittingE(02)5263 keV obtained from
the energies of theJp512 states in226Th and 228Th @20#
minus\2/J.

We can also estimate the parity splitting betweenKp

51/26 bands. First, the energy splitting between the intrin
parity doublet can be approximated as the difference betw
the respective«K values for Kp51/26 bands yielding a
value of 25.5 keV. Alternatively the parity splitting can b
calculated as a function of spin, independent of signat
splitting, from the relationship@8#

dÊp~J!5
1

2
@Es51 i~J2!2Es51 i~J1!1Es52 i~J2!

2Es52 i~J1!#, ~5!

where the levels are labeled by simplex and parity. In
calculation ofdÊp(J), interpolation is used for spins with
forbidden combination of simplex and parity while in cas
where neighboring levels have not been observed, extrap
tion is performed over the two available neighbors of t
same simplex.dÊp(J) is plotted as a function of spin in Fig
06431
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13. The figure displays splitting calculated from the observ
level energies as well as the hypothetical splitting obtain
by subtracting the 97-keV offset of band 3 described in s
tion C. The actual splitting~denoted in Fig. 13 by closed
circles! displays a marked transition at the onset of band 3
opposed to the hypothetical points~denoted in Fig. 13 by
open circles! that continue along a smooth continuous curv
The parity splitting should indeed form a smooth continuo
curve and, therefore, we take Fig. 13 as further evidence
the perturbation of band 3. From Fig. 13 we are able to g
a limit for the parity content of theK51/2 intrinsic state and
find 0.0,^p̂&,0.2. This value would seem to be in goo
agreement with the expectation of a parity doublet.

E. Electric dipoleÕquadrupole ratios

The determination ofB(E1)/B(E2) ratios for some of
the transitions in227Th allows a comparison of the intrinsi
D0 /Q0 ratio with that of the neighboring even-even nucle
According to Bohr and Mottelson@21#, in the case ofKp

51/21 bands the spherical component of the intrinsic el
tric dipole moment is nonzero. TheE1 transition strength
can be written in terms of bothD0 andD1 @22#

B~E1;Ji→Jf !5
3

4p U^JiKi10uJfK f&D0

1~21! [Ji1(1/2)]K Ji2
1

2
11UJf

1

2L D1U2

. ~6!

However, Bohr and Mottelson state that the experimen
observations set an upper limit of 0.1 for the ratioD1 /D0
and a more recent experimental investigation on theB(E1)
strengths betweenKp51/21 bands in 225Ra concluded
D1 /D050.07 @23#. Similarly, D1 /D0 ratios have been mea
sured in 231Th @24# and found to be,0.04. As these values
are of the same order as the experimental errors assoc

FIG. 13. The parity splitting of theKp51/26 doublet as a func-
tion of spin. Closed circles denote the experimental points wh
open circles denote the hypothetical splitting obtained by subtr
ing 97 keV from the experimental energy levels of band 3.
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N. J. HAMMOND et al. PHYSICAL REVIEW C 65 064315
with our B(E1)/B(E2) ratios, we ignore the contribution o
D1 to theB(E1) strength and use the following relationshi
to obtainD0 /Q0 ratios:

B~E1;Ji→Jf !5
3

4p
^JiKi10uJfK f&

2D0
2 , ~7!

B~E2;Ji→Jf !5
5

16p
^JiKi20uJfK f&

2Q0
2 , ~8!

which yields,

D0

Q0
5S 5

16

B@E1,J→~J21!#

B@E2,J→~J22!#

~J2K21!~J1K21!

~J21/2!~J21! D 1/2

.

~9!

The deduced spin assignments allow the first accurate d
mination ofD0 /Q0 ratios for 227Th. The values are given in
Table V. Five values are given for band 4~i.e., theE2 tran-
sitions in theKp51/21 band and theE1 transitions from the
Kp51/21 band to theKp51/22 band! and a further value is
calculated for band 3~i.e., the E2 transitions in theKp

51/22 band and theE1 transitions from theKp51/22 band
to theKp51/21 band!. Taking the mean of theD0 /Q0 ratios
for the two neighboring even-even nuclei@25#, we obtain a
value of'2.6(1023 fm21) against which the ratios of Tabl
V can be compared. The agreement is excellent, sugge
that the strength of the octupole correlations for this parti
lar neutron configuration in227Th is comparable with226Th
and 228Th. For a more direct systematic comparison of t
electric dipole moment we can estimateQ0 to be the mean of
the values found experimentally for the two even-ev
neighbors. Assuming a 10% uncertainty from this proced
we obtain uD0u50.21(3)e fm. In Fig. 14 we plot uD0u
against N for the thorium isotopes~from N5130 to N
5140). A smooth systematic trend is observed.

F. Miscellaneous levels

One last level of interest is a 24.3-keVJp53/21 state
identified in previous studies of this nucleus@12,13# but not
included in our level scheme. This spin and parity have b
unambiguously assigned from a measuredM1 transition to
the ground state and this state has, therefore, been interp
as the bandhead of aKp53/21 band. Furthermore, ag ray of

TABLE V. D0 /Q0 ratios from measuredI g(E1)/I g(E2) values.
The first five values given are for band 4 and the last value is
band 3. Further details on the calculation of these ratios is give
the text.

Gating transition~keV! Eg(E1) Eg(E2) D0 /Q0(1024 fm21)

224.7 (E2) 113.9 178.7 2.37~9!

233.7 (E1) 113.9 178.7 2.4~1!

303.7 (E2) 211.2 265.7 2.5~2!

338.6 (E2) 239.8 303.7 2.7~3!

325.2 (E1) 239.8 303.7 2.5~4!

311.3 (E2) 223.0 268.5 2.8~3!
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51.9 keV observed in231U a-decay studies@13# has been
proposed for a transition from a 76.2-keV level to the 24
keV level, which would limit that 76.2-keV level toJ<7/2
as opposed to our assignment ofJ59/2. Mannset al. sug-
gested that band 1, linked via the 51.9-keV transition, h
Kp53/21. This arrangement leads to inherent problems w
the spin assignments of the low-lying structure. Therefo
although we agree that the 24.3-keV level is a strong can
date for aKp53/21 bandhead, we believe the 51.9-keVg
ray observed by Mu¨ller et al. @13# is unlikely to originate
from the 76.2-keV state observed in the present work.
feel this transition is more likely to originate from anoth
almost degenerate level, such as the unobservedKp51/22,
Jp51/22 state that is expected at an energy close to 76 k
It is perhaps also worth noting that the 24.3-keV (3/21) level
is linked to the 99.2-keV level@13#, which is possibly the
5/21 member of theKp53/21 band although we have
been unable to locate any candidate for higher member
this band. As we cannot determine whether thisKp53/21

band forms a parity doublet with theKp53/22 band it
is not possible to deduce whether theKp53/22 band de-
scribes reflection-symmetric or reflection-asymmetric coll
tive excitation.

IV. CONCLUSION

The level structure of227Th has been studied in th
226Ra(a,3n)227Th reaction at a bombarding energy of 3
MeV. Previously observed high-spin rotational sequen
have been confirmed and extended to higher and lower e
tation energies. The relative positions of these sequen
have been refined, allowing the successful inclusion of
larger number of high-spin states into the low-spin dec
structure for the first time. The level structure is described
Coriolis staggeredKp51/26 parity doublet bands and
Kp53/22 sequence with a further tentatively assigned ba
deduced from interband transitions. The remarkable four

r
in

FIG. 14. A plot of electric dipole systematics for thorium is
topes. Closed circles represent measured dipole moments in
ground state band. The second point given for229Th and denoted by
an open circle is the measured dipole moment in an excitedK
53/26 parity doublet band. Data is taken from@8,9,20,26#.
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rameter fit to the 21 levels of theKp51/21 band provides
further strong confirmation, if needed, of theJp51/21 as-
signment to the ground state of227Th. The favored signature
of theKp51/22 band appears to become perturbed betw
the Jp57/22 andJp515/22 levels. The interaction respon
sible for this effect is unknown. Coriolis coupling to th
Kp53/22 band does not appear to be a likely source of
perturbation based upon our band-mixing calculations.
stead, the levels appear to have been displaced in energ
a constant 97.0-keV offset, a reduction of this amount fr
the energies of the perturbed levels allows a convincing fi
the wholeKp51/22 band to the relationship given in Eq
~1!. Kp51/26 bands have decoupling parameters that are
similar absolute values but different signs as expected f
reflection-asymmetric rotor. The magnitude of the dec
pling parameters is also close to that predicted by Lia
et al. within the strong coupling basis. These bands form
parity doublet and227Th is, therefore, shown to exhibit con
siderable octupole deformation in the ground state confi
ration. This interpretation is further strengthened by an e
mation of the parity content of theK51/2 intrinsic state.
Consideration of parity splitting in theKp51/26 bands gives
a parity content that is positive with an upper limit of 0.
v.
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This is approaching the value of zero expected for an int
sic state of equally mixed positive and negative pariti
D0 /Q0 ratios for theKp51/26 bands have been calculate
from measuredB(E1)/B(E2) values and were found to b
consistent with the mean value of theD0 /Q0 ratios given for
neighboring even-even nuclei. This result provides furth
evidence of strong octupole collectivity.
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